Ld652Y cells from
IPLB-Ld652Y (Ld652Y) cells derived from the gypsy moth, Lymantria dispar (8) , exhibit unique responses to nucleopolyhedrovirus (NPV) infection and provide an excellent system for investigating interactions between insect cells and NPVs (13) (14) (15) . Ld652Y cells are permissive for homologous L. dispar multicapsid NPV (LdMNPV) (20, (23) (24) (25) and heterologous Orgyia pseudotsugata MNPV (OpMNPV) (3), yielding high titers of progeny viruses, while they are nonpermissive for NPVs of Spodoptera exigua, Spodoptera litura, and Autographa californica (AcMNPV) (13, 17, 18, 26) . Infection of Ld652Y cells with AcMNPV results in global protein synthesis shutdown, in which viral DNA replication and viral mRNA transcription occur normally but protein synthesis is completely shut down, yielding no progeny viruses (9, 10, 19, 21) . This global protein synthesis shutdown in AcMNPV-infected Ld652Y cells can be precluded by the LdMNPV-encoded hrf-1 gene (25) , and recombinant AcMNPV harboring hrf-1 successfully multiplies to a high titer in Ld652Y cells (6, 7) . Studies have demonstrated that HRF-1 is an essential viral factor for productive infection of various NPVs in Ld652Y cells (14, 15) .
We have previously shown that Ld652Y cells readily undergo apoptosis upon infection with various NPVs, while LdMNPV infection of Ld652Y cells results in the production of a high titer of progeny viruses without the induction of apoptosis (13) . In addition, we have found that neither ld-iap2 nor ld-iap3 carried on the LdMNPV genome is capable of suppressing the apoptosis of Sf9 cells triggered by infection with vP35delBsu36IGus (vAc⌬p35) (4), a recombinant Ac-MNPV that is defective in the p35 gene (unpublished data). In the present study, we identify a novel antiapoptotic gene, apsup, which functions to suppress apoptosis induced not only by NPV infection but also by exposure to actinomycin D and UV.
To identify an apoptosis suppressor gene carried by LdMNPV, Ld652Y cells cultured in TC100 medium (JRH Biosciences) supplemented with 0.26% (wt/vol) tryptose broth (Sigma) and 10% fetal bovine serum were transfected with each of seven cosmid fragments that covers the entire LdMNPV genome (16, 25) , along with the hrf-1 expression plasmid pHyHr6IE1/HA-HRF-1 (14) , and then infected with vAc⌬p35 at 24 h posttransfection. At 72 h postinfection, the suppression of vAc⌬p35-induced apoptosis was assessed by the production of polyhedrin and polyhedra. In this experimental system, if a cosmid fragment provides an apoptosis suppressor, the global protein synthesis shutdown of Ld652Y cells triggered by vAc⌬p35 infection is precluded due to HRF-1, and vAc⌬p35 successfully multiplies in Ld652Y cells, producing polyhedrin and polyhedra.
Only the cells transfected with cosmid C-64 produced both polyhedrin and polyhedra ( Fig. 1A ; data not shown for polyhedra), indicating that this cosmid carries an apoptosis suppressor gene. Cosmid C-64 was then digested with BamHI to yield the BB fragment, and the BB fragment was cloned into pBlueScript II KSϩ (Stratagene). The plasmid containing the BB fragment provided an apoptosis suppressor such that polyhedrin and polyhedra were produced in vAc⌬p35-infected Ld652Y cells (Fig. 1B) . To cover the gap between the BB fragment and cosmid C-15, a DNA fragment (ca. 3.9 kbp) amplified by PCR from C-64 using the paired primers 5Ј-CA TTTGGACATGCCGTACGC-3Ј and 5Ј-CGGTCTCTCGTT CAGCAAGC-3Ј was cloned into pCR4-TOPO (Invitrogen). Ld652Y cells transfected with the 3.9-kbp DNA fragment did not produce polyhedrin or polyhedra (Fig. 1B) .
The BB fragment was digested with NotI or SmaI, and the resulting NN and SB fragments were tested for their ability to suppress apoptosis. Only the NN fragment was capable of suppressing apoptosis (Fig. 1C) , indicating that a possible apoptosis suppressor gene was located in the NN fragment, which contained nine putative complete genes, ld106, ld107, ld108, ld109, ld110, ld111, bro-h, bro-i, and bro-j (Fig. 1D) (16) .
To map the gene encoding the apoptosis suppressor, expression plasmids that contained subsets of five different viral genes (ld107, ld108, ld109, ld110, and ld111) contained in the NN fragment but not the SB fragment or cosmid C-38 were constructed by using pCR4-TOPO (Fig. 1D) . These expression plasmids were cotransfected into Ld652Y cells, together with the plasmid harboring hrf-1. The transfected cells were infected with vAc⌬p35 at 24 h posttransfection. At 72 h postinfection, the cells were examined for the production of polyhedrin and polyhedra. Only the Ld652Y cells transfected with expression plasmids containing ld109 produced polyhedrin and polyhedra, and ld109 alone was sufficient for the production of polyhedrin and polyhedra ( Fig. 1D and E) , suggesting that ld109 provided the apoptosis suppressor.
To confirm that ld109 was an apoptosis suppressor gene, RNA interference (RNAi)-mediated silencing experiments were performed (Fig. 2) . Double-stranded RNAs (dsRNAs) against ld109 were synthesized by using a MEGAscript T7 kit (Ambion) and the DNA fragment which was amplified by PCR from the TOPO/ld107-110 plasmid using primers containing the T7 RNA polymerase binding site (underlined), 5Ј-TAATACGACTCACTATAGGGTCAGTCGCAGACA TGGCCGA-3Ј and 5Ј-TAATACGACTCACTATAGGGAA TCAAACGACGGTGTGCGT-3Ј ( Fig. 1D and 3A) . Similarly, dsRNAs against the enhanced green fluorescent protein (EGFP) gene were synthesized by using the EGFP gene-containing plasmid pIE1-2/egfp (12) and primers containing the T7 RNA polymerase binding site (underlined), 5Ј-TAATACGACTCACTATAGGGCCATGTCTGCGAC TGAGGCG-3Ј and 5Ј-TAATACGACTCACTATAG GGTTCTCTAACGAGCGGCGCA-3Ј. Polyclonal antibody against Ld109 was raised in a rabbit against two partial amino acid sequences of the Ld109 protein, 70-EQWDRRGRIDAL QTTAS-86 and 320-DRYQFLLPVRYFSKNKL-336. Ld652Y cells were transfected with dsRNAs against ld109 or the EGFP gene, infected with LdMNPV at 24 h posttransfection, and subjected to immunoblot analysis with anti-Ld109 antibody at different times postinfection. The dsRNAs against ld109 but not those against the EGFP gene suppressed the expression of a polypeptide that migrated at the approximate molecular weight of 32,000 (32K), which was about 2.8K lower than that of cMyc-Ld109 expressed upon transfection with pIE1-2/cmycld109 ( Fig. 2A and 4A ). The cells transfected with ld109 dsRNA underwent apoptosis, producing no detectable polyhedra or polyhedrin, while mock-transfected cells and cells transfected with EGFP dsRNA produced both polyhedra and polyhedrin ( Fig. 2B and C) . In ld109 dsRNA-transfected cells, caspase-3-like protease activity, assayed as described previously (13), increased from 24 h postinfection and peaked at 48 h postinfection, while only a small increase in caspase-3-like protease activity occurred in the cells transfected with EGFP dsRNA from 48 to 72 h postinfection (Fig. 2D) . These results indicate that LdMNPV infection causes the apoptosis of Ld652Y cells, which can be suppressed by Ld109 protein.
To provide evidence that ld109 was expressed in LdMNPVinfected Ld652Y cells, total RNA was extracted from LdMNPV-infected Ld652Y cells by using an RNeasy minikit (Qiagen). The 5Ј-and 3Ј-RNA ligase-mediated rapid amplification of cDNA ends (RLM-RACE) was performed by using a cDNA library from LdMNPV-infected Ld652Y cells and a FirstChoice RLM-RACE kit (Ambion). Sequencing of the PCR products demonstrated that the ld109 transcript comprised 1,564 nucleotides (nt), consisting of a 1,008-nt open reading frame (ORF) and 12 and 544 nt of the 5Ј and 3Ј noncoding regions, respectively (Fig. 3A) . The ld109 ORF encodes a predicted polypeptide of 336 amino acid residues with a molecular weight of 39,333. Examination of the regulatory region revealed that the transcription initiation site of ld109 was located 1 nt upstream from the CAGT RNA polymerase II start site motif located about 30 nt downstream from the TATA box-like sequence TAAATAA, suggesting that ld109 is an early gene. To examine ld109 transcripts during LdMNPV infection, quantitative reverse transcription-PCR (qRT-PCR) was performed by using a Power SYBR green Cells-to-CT kit (Applied Biosciences) and primers 5Ј-GCTCTTTCACGCGTACACCT TT-3Ј and 5Ј-GCTTCACGCTGTTCTCGTACAC-3Ј (Fig.  3A) . The ld109 transcripts were first detected at 12 h postinfection and increased continuously thereafter (Fig. 3B) . Consistent with the qRT-PCR results, immunoblot analysis with anti-Ld109 antibody demonstrated that Ld109 protein expression was detected in LdMNPV-infected Ld652Y cells from 12 h postinfection and increased until 72 h postinfection (Fig.  3C) , suggesting that Ld109 served as an apoptosis suppressor late in virus infection.
To determine whether Ld109 also suppressed apoptosis induced by nonviral stimuli, Ld652Y cells were transfected with pIE1-2/cmyc-ld109, the cMyc-tagged Ld109-expressing plasmid, driven by the AcMNPV ie1 gene (ac-ie1) promoter and enhanced by ac-hr5 (Fig. 4A) . Forty-eight hours after transfection, cells were exposed to actinomycin D or UV and examined for the induction of apoptosis and caspase-3-like protease activity. Upon exposure to either actinomycin D or UV, the induction of apoptosis and caspase-3-like protease activity were less extensive in Ld109-expressing Ld652Y cells than in EGFP-expressing Ld652Y cells (Fig. 4B and C) , indicating that Ld109 was capable of suppressing apoptosis and caspase-3-like A database search revealed that ld109 homologues were found in nine NPVs, four granuloviruses, and one poxvirus. The Ld109 protein shared amino acid sequence identities ranging from 23.3% with fowlpox virus FPV217 (1) to 86.0% with Lymantria xylina MNPV ORF109 (22) . A domain search revealed no characteristic domains of the Ld109 protein that were linked to possible functions, and functional analyses have not been conducted for any of these Ld109 homologues. We recently performed a transient expression assay and found that Ac112/113 (2, 11) , the AcMNPV homologue of Ld109, which shares 30.2% amino acid sequence identity with Ld109, was unable to suppress the apoptosis of Ld652Y cells triggered by actinomycin D and UV (unpublished data). These results indicate that ld109 or its homologue is a crucial antiapoptotic gene for LdMNPV, which lacks p35 and functional iap genes, but not for AcMNPV, which possesses the potent antiapoptotic gene p35, suggesting that individual baculoviruses have evolved unique and divergent antiapoptotic genes and mechanisms for the regulation of apoptosis of infected cells (5) . We designated the ld109 gene apsup, for apoptosis-suppressor.
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